A monolithic 1645 nm Er:YAG nonplanar ring oscillator (NPRO) resonantly pumped by a 1532 nm fiber laser is demonstrated. For reducing the energy-transfer upconversion effect, a 0.5% doped Er:YAG nonplanar crystal was used. An up to 6.1 W single frequency laser output at 1645 nm was obtained, with a slope efficiency of 55.2% and an optical efficiency of 48.0%. Fig. 1 . The pumping source was a 1532 nm fiber laser (IPG Photonics, ELR-20) with a diffraction-limited beam quality. The spectral width of the pumping beam was 0.2 nm (FWHM). The pump beam was firstly collimated by a spherical lens L1 (f 500 mm) and then focused into the Er:YAG NPRO by a spherical lens L2 (f 75 mm). The parameters of the Er:YAG NPRO were designed by analyzing Jones matrices of one round trip for the s and p polarization states inside the Er:YAG NPRO. From the eigenvectors and eigenvalues of the Jones matrices, the losses and loss differences of the clockwise and counterclockwise polarized modes were calculated [7] . According to the calculated results, the nonplanar angle of our Er:YAG NPRO was designed as 50 deg to ensure single frequency oscillation. For the quasi-three-level Er:YAG laser, the ETU effect was influenced by the doping concentration of the Er:YAG crystal [8, 9, 10] . Since the ETU parameters scale linearly with the doping concentration, bigger doping concentration greatly increased the pump threshold. The doping concentration of Er 3 in our system is designed to be 0.5 at:% for reducing the ETU effect. Finally we designed and constructed a monolithic Er:YAG NPRO with dimensions of 12 mm width × 4 mm height× 14 mm length. The round-trip path length of the Er:YAG NPRO was about 30.6 mm and the optical path inside the NPRO was 50.25 mm. The input surface of the Er:YAG NPRO was designed to have a high transmission coating at 1532 nm and 10% output coupling coating of the s-polarized beam at 1645 nm. To achieve unidirectional oscillation, a magnetic field of 0.4 T was applied along the Er:YAG NPRO. The temperature of the Er:YAG NPRO was controlled at 18°C by using a thermal electric cooler. Before the output beam was measured, a filter (AR at 
Er:YAG solid-state lasers with an eyesafe wavelength of around 1.6 μm have important applications in laser medicine, free space communications, Doppler wind lidars, and difference absorption lidars for the measurement of methane [1, 2] . In many applications, 1.6 μm Er:YAG lasers with a single frequency output are required. Chang et al. reported a resonantly pumped 1645 nm Er:YAG laser with the single frequency output power of 30 mW [3] . A linear cavity with an intracavity etalon and polarizer were used for the stable single frequency operation in [3] . Kim et al. reported a single frequency 1645 nm Er:YAG laser by using a ring resonator composed of four mirrors and an acousto-optic modulator for enforcing undirectional operation [4] . The maximum single frequency output power was 4.7 W. Compared with other methods, the monolithic nonplanar ring oscillator (NPRO) is very useful for obtaining high power single frequency laser output with narrow linewidth [5] . In 2011 Chen et al. reported a monolithic 1645 nm Er:YAG NPRO resonantly pumped by a 1532 nm fiber laser [6] . An up to 0.5 W 1645 nm single frequency laser was obtained when the pump power was about 4 W. The measured linewidth of the Er:YAG NPRO was 21 kHz in [6] . Since a 2% doped Er:YAG crystal was used as the active medium, the energy-transfer upconversion (ETU) effect of the Er:YAG crystal was big and influenced the single frequency output power. In this letter, we demonstrate a resonantly pumped monolithic 1645 nm Er:YAG NPRO with high single frequency output. An up to 6.1 W stable 1645 nm single frequency laser output was obtained from the monolithic Er:YAG NPRO, with a slope efficiency of 55.2% and an optical efficiency 48.0%. The measured linewidth of the Er:YAG NPRO was about 14.4 kHz. To the best of our knowledge, it is the highest 1645 nm single frequency laser output with a narrow linewidth.
The schematic diagram of the monolithic Er:YAG NPRO is shown in Fig. 1 . The pumping source was a 1532 nm fiber laser (IPG Photonics, ELR-20) with a diffraction-limited beam quality. The spectral width of the pumping beam was 0.2 nm (FWHM). The pump beam was firstly collimated by a spherical lens L1 (f 500 mm) and then focused into the Er:YAG NPRO by a spherical lens L2 (f 75 mm). The parameters of the Er:YAG NPRO were designed by analyzing Jones matrices of one round trip for the s and p polarization states inside the Er:YAG NPRO. From the eigenvectors and eigenvalues of the Jones matrices, the losses and loss differences of the clockwise and counterclockwise polarized modes were calculated [7] . According to the calculated results, the nonplanar angle of our Er:YAG NPRO was designed as 50 deg to ensure single frequency oscillation. For the quasi-three-level Er:YAG laser, the ETU effect was influenced by the doping concentration of the Er:YAG crystal [8, 9, 10] . Since the ETU parameters scale linearly with the doping concentration, bigger doping concentration greatly increased the pump threshold. The doping concentration of Er 3 in our system is designed to be 0.5 at:% for reducing the ETU effect. Finally we designed and constructed a monolithic Er:YAG NPRO with dimensions of 12 mm width × 4 mm height× 14 mm length. The round-trip path length of the Er:YAG NPRO was about 30.6 mm and the optical path inside the NPRO was 50.25 mm. The input surface of the Er:YAG NPRO was designed to have a high transmission coating at 1532 nm and 10% output coupling coating of the s-polarized beam at 1645 nm. To achieve unidirectional oscillation, a magnetic field of 0.4 T was applied along the Er:YAG NPRO. The temperature of the Er:YAG NPRO was controlled at 18°C by using a thermal electric cooler. Before the output beam was measured, a filter (AR at 1532 nm and HR at 1645 nm at 45 deg incidence) was used to block the non-absorbed pumping beam. The wavelength of the Er:YAG NPRO was monitored by using a wavemeter (HighFinesse WS/5).
Stable single frequency operation at 1645 nm was obtained at room temperature from our Er:YAG NPRO. Figure 2(a) shows the typical longitudinal spectrum of the single frequency laser at 6 W output power, measured by using a scanning Fabry-Perot interferometer with a free spectral region of 2.44 GHz and a finesse of about 100. Figure 2(b) shows the two-dimensional beam profile of the single frequency laser at 6 W output power, measured by using a camera (Spiricon Pyrocam III). The single frequency output power versus the incident pump power is shown in Fig. 3 . We investigated the influence of the pump spot sizes on the single frequency output powers. For the pump beam with a radius of 130 μm, the single frequency output power was 6.1 W when the incident pump power was 12.5 W. The corresponding slope efficiency and optical efficiency were 55.2% and 48.0%, respectively. Bigger pump spot size increased the pump threshold and decreased the efficiency. The stability of the single frequency laser output was measured at 6 W by using a power meter (Molectron 3 Sigma, PM30 detector) at a sampling rate of 10 Hz. The experimental result of the power stability is shown in Fig. 4 . In the beginning there was slight fluctuation of the output power. But it became stable after 2 min. The relative power stability was 0.33% in 30 min. The relaxation oscillation of the Er:YAG NPRO was also observed. At 6 W output power, the relaxation oscillation frequency was 328 kHz. The M 2 factors of the single frequency Er:YAG laser were determined by measuring the beam widths during the beam propagation. The M 2 factors were 1.58 and 1.62 in the x and y directions, respectively, when the output power was 6 W.
The wavelength and the tuning properties of the Er:YAG NPRO were investigated by using the wavemeter. Figure 5 shows the wavelength of the output beam as a function of the temperature of the crystal. When the temperature of the Er:YAG crystal was 18°C, the wavelength of the output beam was 1644.774 nm. Fine tuning of the wavelength of the Er:YAG NPRO was achieved by changing the crystal temperature. When the temperature was changed from 17.2°C to 19°C, the laser wavelength was continuously tuned from 1644.757 nm to 1644.796 nm without mode hopping. The wavelength tuning rate is 21.667 pm∕°C (or 2.403 GHz∕°C).
The linewidth of the 1645 nm Er:YAG NPRO was measured by using the delayed self-heterodyne method when the output power was 6 W [6, 11] . The experimental setup for measuring the linewidth is shown in Fig. 6 . One part of the output beam was coupled into a 25 km long fiber for a delay time 125 μs. The other part of the output beam was frequency shifted by an acousto-optic modulator (AOM) with an RF frequency of 50 MHz. The secondorder diffraction beam of the AOM was used for the heterodyne measurement. The beat signal was detected by an InGaAs photodiode and displayed on a spectrum analyzer (Agilent N9020A MXA). An RF spectrum of the heterodyne signal is shown in Fig. 7 , where the heterodyne signal has a Lorentz line shape. From the Lorentz curve fitting (red line), the central peak of −3 dB bandwidth was to be 28.7 kHz, so the FWHM linewidth of the Er:YAG NPRO was about 14.4 kHz.
In conclusion, we have obtained 6.1 W single frequency output power at 1645 nm in an Er:YAG NPRO. The slope efficiency and optical efficiency were 55.2% and 48.0%, respectively. The relative power stability of the Er:YAG NPRO was 0.33% in 30 min. The wavelength tuning rate of the Er:YAG NPRO was measured to be 21.667 pm∕°C. The linewidth of the Er:YAG NPRO was 14.4 kHz at 6 W output power. The compact Er:YAG NPRO system has been used as a master laser for injection locking of a Q-switched 1645 nm Er:YAG laser. Heterodyne signal recorded by a spectrum analyzer. Full width at −3 dB was measured to be 28.7 kHz at 6 W output power.
